Although quiescent fibroblasts are an important component of the normal structure of the myocardium, activated, pathological fibroblasts induced by injury or disease negatively impact compliance and stiffness, and signal to cardiac myocytes to further negatively impact function^[@R4]^. Nevertheless, no therapies are known to directly target excessive fibrosis^[@R5]^, and very few interventions have been shown to improve cardiac function and clinical outcomes in patients with impaired cardiac compliance and relaxation causing heart failure including those with HFpEF (heart failure with preserved ejection fraction) despite the enormous burden of disease across the population^[@R6]^. However, genetic ablation of cardiac fibroblasts after hypertensive or ischemic injury has been shown to reduce fibrosis and improve function in mice^[@R7],[@R8]^, providing further support for targeting these cells directly.

Recently, breakthroughs in cancer therapy have been achieved by redirecting cytotoxic T cells to recognize specific antigens on cancer cells using either a modified T-cell receptor (TCR)^[@R9]^ or a chimeric antigen receptor (CAR)^[@R10]^. The modified T cells are capable of effectively eliminating the cancer cells, and CAR-T therapy has been approved by the FDA^[@R11]^ for use in some forms of human leukemia and lymphoma^[@R12]^. We and others^[@R13],[@R14]^ reasoned that engineered T cells may possibly be used in targeting non-cancer cells, and we sought to determine if activated cardiac fibroblasts could be effectively targeted by engineered T cells in a mouse model of heart disease.

In a first series of experiments, we generated mice in which a xenogeneic antigen (ovalbumin peptide, OVA)^[@R15],[@R16]^, not normally found in mice, could be conditionally presented on the surface of activated cardiac fibroblasts. To induce expression of OVA, we utilized a tamoxifen (Tam) inducible Cre recombinase targeted to the *Periostin* locus (*Postn*^*MCM*^). *Postn* has been shown to be expressed by activated cardiac fibroblasts induced by injury, but not by quiescent cardiac fibroblasts^[@R8]^. In order to induce injury and fibrosis, *OVA*;*Postn*^*MCM*^ mice were continuously infused with angiotensin II and phenylephrine (AngII/PE) for 28 days via osmotic minipump. Tamoxifen was administered at regular intervals by intraperitoneal injection to ensure near constant induction of Cre recombinase and expression of ovalbumin ([Fig. 1a](#F1){ref-type="fig"}). AngII/PE administration has been widely demonstrated to induce dramatic cardiac fibrosis and dysfunction in mice by increasing afterload, chronotropy, and direct effects on cardiac myocytes and fibroblasts^[@R7],[@R8]^. Consistent with previous reports demonstrating a peak of cardiac fibrosis within 1 week of this type of injury, we observed significant and widespread fibrosis throughout the myocardium of *OVA*;*Postn*^*MCM*^ mice one week following exposure to AngII/PE ([Extended Data Fig. 1a](#F4){ref-type="fig"}). To selectively target OVA-expressing cardiac fibroblasts and their derivatives, we performed adoptive transfer of CD8^+^ cells that express a cognate T-cell receptor against the OVA peptide (CD8^+^ OT-I T cells)^[@R17],[@R18]^ in a cohort of mice at this time point (1 week after AngII/PE initiation) once pathological fibrosis was established. Control animals included *OVA*;*Postn*^*MCM*^ mice that received AngII/PE and tamoxifen, as well as *OVA*+ mice lacking the *Postn*^*MCM*^ allele that received AngII/PE, tamoxifen, and CD8+ OT-I cells (n ≥ 6 mice in each cohort). At week 4, we observed continued widespread cardiac fibrosis in the control animals. However, in marked contrast, there was significantly less cardiac fibrosis in the *OVA*;*Postn*^*MCM*^ +Tam mice treated with OT-I T cells ([Fig. 1b](#F1){ref-type="fig"}, [c](#F1){ref-type="fig"}). In addition to the reduced fibrosis, an index correlating with cardiac hypertrophy, heart-weight to body-weight ratio, was partially rescued after OT-I T cell adoptive transfer in *OVA*;*Postn*^*MCM*^ mice ([Extended Data Fig. 1b](#F4){ref-type="fig"}, [c](#F4){ref-type="fig"}).

Having demonstrated that immunologically targeting and depleting activated cardiac fibroblasts is possible, we sought to identify endogenous proteins/antigens expressed by activated cardiac fibroblasts, but not by quiescent fibroblasts or other critical cell types, that could be specifically targeted by engineering (or genetically modifying) T cells to recognize such an antigen. We analyzed gene expression data from an RNAseq database compiled from samples of 238 human heart transplant donor and recipient left ventricular (LV) tissue. We found several fibroblast-specific genes^[@R19],[@R20]^ that are upregulated in myocardium from patients with either hypertrophic cardiomyopathy (HCM) or dilated cardiomyopathy (DCM) when compared to control, non-failing donor hearts ([Fig. 2a](#F2){ref-type="fig"}, [Extended Data Fig. 2a](#F5){ref-type="fig"}). Fibroblast activation protein (FAP) showed the greatest fold change and upregulation when comparing either DCM or HCM samples to controls. FAP is a cell surface glycoprotein^[@R21]^ that has been shown to be expressed during embryonic development at sites of active tissue remodeling such as during wound repair, in tissue fibrosis, and in various tumors, but is expressed at only low levels if at all in most normal adult tissues of mouse or human^[@R22],[@R23]^. FAP expression has been previously observed in human hearts following acute myocardial infarction injury^[@R24]^. We extended this finding by showing that FAP is robustly expressed by cardiac fibroblasts (and not by myocytes) in the LV tissue from failing DCM and HCM human hearts ([Fig. 2b](#F2){ref-type="fig"}, [Extended Data Fig. 2b](#F5){ref-type="fig"}). Normal human hearts demonstrate minimal FAP expression ([Fig. 2b](#F2){ref-type="fig"}). Thus, FAP is a potential candidate for targeting of pathological cardiac fibroblasts.

To test the feasibility of FAP as an endogenous CF target for immunotherapy, we returned to the AngII/PE model of hypertensive cardiac injury and fibrosis in mice. As we observed in our previous experiments, there is robust cardiac fibrosis as early as 1 week after AngII/PE infusion in C57Bl/6 mice, and we confirmed that Fap is expressed by the activated cardiac fibroblasts in this model of injury ([Fig 2c](#F2){ref-type="fig"}, [Extended Data Fig. 3a](#F6){ref-type="fig"}). Immunohistochemistry showed that Fap is not detectable in control hearts, with little to no expression elsewhere in the body, but is apparent on activated fibroblasts after 1 and 2 weeks of AngII/PE exposure, as well as additional models of cardiac injury including myocardial infarction, transverse aortic constriction, and muscular dystrophy ([Fig 2c](#F2){ref-type="fig"}, [Extended Data Fig. 3b](#F6){ref-type="fig"}--[d](#F6){ref-type="fig"}). To target and deplete Fap-expressing cardiac fibroblasts in the AngII/PE model, we adoptively transferred FAP CAR T cells at these 1 and 2 week timepoints after AngII/PE initiation ([Fig. 3a](#F3){ref-type="fig"}). We administered a second injection of FAP CAR T cells in this set of experiments due to the short half-life of mouse FAP CAR T cells that we have previously observed in tumor models^[@R25]^. We detected FAP CAR T cells infiltrating the myocardium and co-localizing with Fap-expressing CFs within 1 day of adoptive transfer ([Extended Data Fig. 4a](#F7){ref-type="fig"}). By 4 weeks, there was a significant reduction of cardiac fibrosis in injured mice that had been treated with the FAP CAR T cells when compared to controls ([Fig. 3b](#F3){ref-type="fig"}, [c](#F3){ref-type="fig"}), and remained limited at 8 weeks (1.92% ± 0.25, n=7). Continued and widespread cardiac fibrosis was evident in each of the control mice that were exposed to AngII/PE, while fibrosis was reduced in all 7 of 7 (and nearly eliminated in 5 of 7) AngII/PE-exposed mice that were treated with FAP CAR T cells ([Extended Data Fig. 4b](#F7){ref-type="fig"}--[d](#F7){ref-type="fig"}). Along with the reduction in fibrosis, we observe a partial rescue of both systolic and diastolic cardiac function in injured mice treated with FAP CAR T cells when compared to controls ([Fig. 3d](#F3){ref-type="fig"}, [e](#F3){ref-type="fig"}, [Extended Data Fig. 5](#F8){ref-type="fig"}). Interestingly, we noted persistence of perivascular fibrosis after treatment, consistent with the lack of Fap expression in perivascular fibroblasts ([Extended Data Fig. 6a](#F9){ref-type="fig"}, [b](#F9){ref-type="fig"}) induced by AngII/PE.

CAR T cells against FAP have been used safely and effectively by multiple groups in cancer treatment studies involving mice^[@R25]--[@R28]^ and have been administered to humans as part of a clinical trial for the treatment of mesothelioma^[@R29]^. Nevertheless, we performed extensive analysis of potential toxicities in our model system. We were not able to detect any histological effects of FAP CAR T cell therapy in numerous non-cardiac organs or tissues ([Extended Data Fig. 6c](#F9){ref-type="fig"}), consistent with previous studies from our group in which we targeted tumor stromal cells using FAP CAR T cells without untoward effects^[@R25],[@R27]^. Serum cytokine levels, including interleukin 2 and 6, were increased upon AngII/PE administration, but adoptive transfer of FAP CAR T cells did not further increase cytokine levels which we monitored for 12 weeks after treatment ([Extended Data Fig. 7](#F10){ref-type="fig"}). In order to determine if FAP CAR T cell treatment might be itself cardiotoxic, we utilized a commercially available cardiotoxicity array to interrogate 84 genes associated with myocardial toxicity. At 4 weeks, gene expression differences between AngII/PE and AngII/PE + FAP CAR T cell-treated animals were noted although the changes were only partially consistent with cardiotoxicity ([Extended Data Fig. 8a](#F11){ref-type="fig"}). These differences resolved by 8 weeks ([Extended Data Fig. 8b](#F11){ref-type="fig"}). Further, we assessed the expression levels of 1659 inflammatory and immune genes and found only 22 genes differentially expressed between AngII/PE and AngII/PE +FAP CAR T cell conditions at 4 weeks suggesting only very mild inflammation ([Extended Data Fig 8c](#F11){ref-type="fig"}). Immunohistologic analysis for immune cell infiltration revealed no significant differences in CD3+, CD4+, CD8+, or MPO+ cells, a reduction in CD19+ cells, and an increase in F4/80+ macrophages in AngII/PE +FAP CAR T compared to AngII/PE-treated samples at 4 weeks ([Extended Data Fig. 8d](#F11){ref-type="fig"}). All FAP CAR T cell treated animals survived to 12 weeks with no evidence of toxicity ([Extended Data Fig. 9a](#F12){ref-type="fig"}--[c](#F12){ref-type="fig"}).

In separate experiments, we examined the effect of FAP CAR T therapy on wound healing since FAP is expressed by some, but not all, fibroblasts in the skin^[@R30]^. No delays or defects in wound healing were observed in FAP CAR T versus control-treated animals ([Extended Data Fig. 9d](#F12){ref-type="fig"}--[f](#F12){ref-type="fig"}), consistent with the presence of multiple fibroblast populations in various tissues, some of which do not express FAP^[@R31]^. Although rare FAP-expressing cells have been reported in the pancreas, no change in serum amylase levels were observed in response to FAP CAR T treatment ([Extended Data Fig. 9g](#F12){ref-type="fig"}).

These results provide proof-of-concept for the possibility of targeting cardiac fibrosis in mice with engineered T cells^[@R32]^ and immunotherapy. However, before this approach can be translated to humans, much work remains to determine if FAP is the optimal target and that safety risks are minimized ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Additionally, specific CAR constructs against the same antigen can have vastly different affinities, efficacies, and safety profiles^[@R25],[@R27],[@R33]^. Continued investigation to identify unique antigens expressed by activated cardiac fibroblasts may identify alternative antigens, or combinations of antigens, that may be effective as targets for immunotherapy in humans with heart disease. As with any T cell therapy, off target effects can range from mild to serious^[@R34],[@R35]^. It may be necessary to engineer modified T cells with a "kill-switch" to limit time of survival so as to minimize any off-target side-effects. These approaches are under development^[@R36]^. Enormous progress in the treatment of certain cancers has been achieved through the use of engineered T cells. Here, we suggest that the "immunorevolution" may extend beyond oncology to impact one of the most common forms of human morbidity and mortality: heart disease.

Methods {#S1}
=======

Mice {#S2}
----

*Periostin*^*MCM*^ mice were obtained from the laboratory of Jeffery Molkentin^[@R37]^ (Cincinnati Children's). *RosaOVA* mice provide Cre-dependent expression of an intracellular ovalbumin epitope that is presented via MHC I^[@R38],[@R39],[@R40]^. *Mdx/mTR*^*KO*^ mice were obtained from the laboratory of Foteini Mourkioti^[@R41]^. C57BL/6 mice were obtained from Charles River Laboratories (Wilmington, MA). OT-I mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Sample sizes were determined by power calculations based on effect sizes previously reported in the literature. This study complied with all relevant ethical regulations and all animal protocols were approved by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC).

Reagents and antibodies {#S3}
-----------------------

Osmotic mini-pumps (Alzet, model 2004) were used for drug delivery. Angiotensin II (A9525--50MG), phenylephrine hydrochloride (P6126--10G), tamoxifen (T5648--1G), and corn oil (C8267) were obtained from Millipore Sigma. Picro Sirius Red Stain Kit (ab150681), Anti-Fibroblast activation protein, alpha antibody (ab207178), anti-GFP antibody (ab6673), and anti-CD4 antibody (183685) were obtained from Abcam. Anti-Vimentin antibody (\#9854) anti-F4/90 antibody (\#70076), anti-CD19 antibody (\#90176), and anti-CD8 antibody (\#98941) were obtained from Cell Signaling Technology. Anti-Troponin T antibody (MS-295) was obtained from ThermoFisher Scientific. Anti-CD3 antibody (MCA1477T) was obtained from Bio-Rad Laboratories. Anti-Myeloperoxidase (MPO) antibody (A0398) was obtained from Dako/Agilent. Sterile saline (0.9% sodium chloride, 00409488850) was obtained from Hospira (Lake Forest, IL).

Cardiac Injury {#S4}
--------------

All mice used in these experiments were adult males between 10 and 14 weeks of age. WT mice were randomized to different conditions. Angiotensin II (1.5μg/g/day) and phenylephrine (50μg/g/day) or saline (0.9% sodium chloride) were continuously administered through osmotic mini-pump (Alzet, 2004) for 28 days. *Periostin*^*MCM*^ mice were induced for Cre expression by intraperitoneal injections of 100μl of tamoxifen in corn oil (20mg/ml). Injections were administered on alternating days for 1 week, and then weekly afterward until sacrificed. Adoptive transfer of T cells was administered through tail vein injection. Echocardiography performed under isoflurane anesthesia using a FUJIFILM VisualSonics system with an MS400 probe and Vevo 2100 software, and analyzed blinded to treatment group.

For myocardial infarction, animals are anesthetized and a thoracotomy is performed by separating the fourth or fifth intercostal space to expose the heart. The pericardium is opened and an 8--0 nylon ligature, entering the heart on the left margin of the pulmonary cone and exiting near the insertion of the left auricular appendage is tied on left anterior descending coronary artery (LAD) to induce permanent myocardial infarction (MI).

For transverse aortic constriction (TAC), animals are anesthetized and antiseptic agents (Betadine and 70% ethenol) are applied at the surgical area. The chest cavity is opened by an incision of the left second intercostal space. The transverse aorta is dissected from the surrounding tissues and a 7--0 silk suture is passed underneath of the arch portion of the aorta and ligated for creation of stenosis of the aorta with about 50--70% lumen constriction.

Adoptive T cell transfer {#S5}
------------------------

Mouse T cells expressing a CAR construct specific for mouse FAP (containing the scFv fragment from the specific mouse FAP antibody (clone 73.3)^[@R42]^ coupled to the human CD3ζ and CD28 cytoplasmic domains) along with a small peptide that conferred resistance to adenosine and prostaglandin E2 mediated suppression^[@R43]^ or GFP were used. Infective particles were generated from the supernatants of "Phoenix" packaging cells (Allele; Phoenix Eco Cells Line \#ABP-RVC-10002; purchased from and authenticated by ATCC, CRL-3214; routinely tested for mycoplasma - negative) transfected with retroviral vector plasmid and helper plasmids using Lipofectamine 2000 (Invitrogen), as previously described^[@R42]^. T cells were cultured in RPMI 1640 supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin sulfate, 1mM Pyruvate, and 50 μM beta-mercaptoethanol. Primary murine T cells were isolated as suggested by the manufacturer (Miltenyi Biotec) from the spleens of mice and incubated in 12-well plates \[2×10^6^ cells/well in 2ml T-cell media with 50 U/mL mouse interleukin (IL)-2 and Dynabeads Mouse T-Activator CD3/CD28 (Gibco, \#11453D) in a 1:1 ratio\]. After 48 hours, cells were plated in a 24-well plate coated with retrovirus and 5μg/cm^2^ of Retronectin (Takara, \#T100B). Prior to plating T cells, a Retronectin-coated 24-well plate was centrifuged without braking at room temperature for 1 hour at 1000 g with 1ml/well crude viral supernatant. After overnight incubation, cells were expanded with 50 U/mL of IL-2 for 48 hours. The transduction efficiency with muFAP CAR-RIAD (FAP CAR T cells), FAP-GFP-CAR or MigR1-GFP (control T cells) was assessed after transduction. 10^7^ CAR T cells were injected per mouse.

For the OVA experiments, cells were obtained from C57BL/6 OT-I mouse spleens and purified using the mouse CD8a+ T Cell Isolation Kit (Miltenyi Biotec, 130--104-075). Purity was assessed by flow cytometry. 5 × 10^6^ CD8+ T cells were adoptively transferred to mice 1 week after injury.

Histology and Immunohistochemistry {#S6}
----------------------------------

Mouse and human tissue samples fixed overnight in 2--4% paraformaldehyde and dehydrated through an ethanol series. All samples were paraffin-embedded and sectioned. Hematoxylin and eosin (H&E), and Masson's trichrome staining were completed using a standard protocol. Pricro Sirus Red staining was completed using a kit (Abcam, 150681) as per manufacturer's instructions. Briefly, sections were deparaffinized, incubated with Pircro Sirius Red for 1 hour, washed in acetic acid solution, washed in absolute alcohol, cleared with xylene, and mounted. Slides were digitally scanned at 20x and analyzed via color deconvolution using ImageScope (Aperio) software. At least eight distinct sections were quantified for percent fibrosis for each mouse in each condition.

Human Cardiac Expression data {#S7}
-----------------------------

Failing and nonfailing human heart tissues were obtained from heart transplant recipients and from brain-dead organ donors. In situ cardioplegia was employed for cardioprotection in all human heart procurements, as previously described^[@R44],[@R45]^. In vivo echocardiography was performed prior to tissue harvest for contemporaneous assessment of in vivo structure and function. Procurement of human myocardial tissue was performed with consent from all subjects and under protocols and ethical regulations approved by Institutional Review Boards at the University of Pennsylvania and the Gift-of-Life Donor Program (Pennsylvania, USA). Tissue specimens were frozen in liquid nitrogen and stored at --80°C until used.

Total RNA was extracted from human cardiac tissue samples using the miRNeasy Kit (Qiagen) including DNAse treatment. For RNA-seq, library prep was conducted using Illumina truSeq stranded mRNA kit followed by the Nugen Ovation amplification kit. Resultant fastq files were assessed for quality control using the FastQC program. Fastq files were aligned against the human reference genome (hGRC37/Hg19) using the STAR aligner^[@R46]^. Duplicate reads were flagged using the MarkDuplicates program from Picard tools. Per gene read counts for Ensembl (v75) gene annotations were computed using the R package with duplicate reads removed. Gene counts represented as counts per million (CPM) were first nominalized using TMM method in the edgeR R package and genes with 25% of samples with a CPM \< 1 were removed and deemed low expressed. The data was transformed using the VOOM function from the limma R package^[@R47]^. Differential gene expression was performed using a linear model with the limma package.

Cardiotoxicity Assay {#S8}
--------------------

Total RNA was isolated from formalin fixed, paraffin-embedded cardiac sections with RNeasy FFPE kit (Qiagen 73504, 19093). Samples were blinded to condition. cDNA was then prepared with the RT^2^ PreAMP cDNA synthesis kit (Qiagen 330451) and pre-amplified with assay-specific RT^2^ PreAMP primer mix (Qiagen 330241 PBM-095Z) according to the manufacturer's recommendations. Pre-amplified cDNA was then assayed using the mouse cardiotoxicity RT^2^ profiler PCR array (Qiagen 330231 PAMM095Z) with RT^2^ SYBR Green ROX qPCR mastermix (Qiagen 330523) on a real-time PCR StepOnePlus system (Applied Biosystems). The threshold was set consistently across the entire experiment. Measured Ct values were normalized to Gapdh, compared using Welch's t-test, and graphed in R using the tidyverse suite of packages.

Cytokine Assay {#S9}
--------------

Blood was collected by cardiac puncture or via IVC during dissection at 10 days, 2 weeks (14 days), 4 weeks (28 days), and 12 weeks (84--88 days), allowed to clot, and spun down to isolate serum. Blinded serum samples were assayed by multiplex technology (MAGPIX, Luminex Corp, Austin TX) by overnight incubation using a mouse cytokine 25plex (mcytomag-70k-PMX, EMD Millipore).

Immune and Inflammation assay {#S10}
-----------------------------

Immune and inflammation-related gene expression analyses were done with the Immuno-Oncology assay (HTG Molecular Diagnostics, Tucson, AZ, USA). Briefly, samples were obtained from formalin-fixed paraffin-embedded sections of hearts from mice that had been treated with AngII/PE +FAP CAR T cells or AngII/PE for 4 weeks (n = 3 per condition, blinded before processing). The estimated mean value of each probe for each group was normalized using DESeq2 median normalization^[@R48]^. The p-value for each probe was adjusted using the Benjamini and Hochberg method for controlling the false discovery rate^[@R49]^. The estimated mean value of each probe for each group after normalization is displayed as a Volcano plot of the log\[10\]-transformed adjusted p-value against the log-fold change for each probe in the assay.

Wound Healing Assay {#S11}
-------------------

8--9 week-old C57BL/6 mice were anesthetized using isoflurane and two equidistant 4-mm full-thickness excisional wounds were generated using circular biopsy punches in the dorsal skin approximately 5 mm below the shoulder blades. Mice were randomly assigned into two groups (n=6 animals per group) and received 1 × 10^7^ control or FAP-CAR-transduced mouse T cells intravenously immediately after wounding and three days post-wounding. Body weight measurements were taken every other day along and with imaging of the wounds using the IVIS Lumina III Bioluminescence and Fluorescence Imaging System (PerkinElmer, Waltham MA). Mice were euthanized eight days post-wounding. Serum was collected to measure amylase levels as a read-out for pancreatic function. Skin samples were fixed in prefer fixative (Anatech Ltd, Battle Creek, MI) stained with and H&E. Digital images were captured on a Nikon TiE inverted microscope (Nikon Instruments Inc., Melville, NY). Wound closure was quantified using ImageJ software.

Statistics {#S12}
----------

Differences between two groups were compared using Student's or Welch's t-test. Differences between multiple groups were compared with one-way analysis of variance (ANOVA). Significant ANOVA results were further analyzed by Tukey's multiple comparisons test. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, ns = not significant.

Data Availability {#S13}
-----------------

All data are available from the corresponding author upon request.

Extended Data {#S14}
=============

![Cardiac fibrosis and hypertrophy.\
(**a**) Pircro-Sirius Red staining for cardiac fibrosis (red) in a heart coronal section from a *Periostin*^*MCM*^;*RosaOVA* mouse treated with AngII/PE and tamoxifen for 1 week. High powered field of left ventricular free-wall (right). Representative image of 3 biologically independent animals with similar results. (**b**) Control and experimental hearts were measured (weight, mg) and images captured. (**c**) Quantification of heart weight to body weight (HW/BW) ratio of indicated genotypes and conditions (mean ± SEM). \*\*\*\**P* \< 0.0001 (one-way ANOVA between groups *P* \< 0.0001; post-hoc multiple comparisons, Tukey's test, n = 10, 7, 6, 8 biologically independent animals, respectively). Scale bars = 100μm.](nihms-1537256-f0004){#F4}

![Markers of activated cardiac fibroblasts in human disease.\
(**a**) Fold change and *P* values of cardiac fibroblast-specific gene expression from patients with hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) as compared with non-failing hearts. (n = 122 (non-failing), 27 (HCM), 89 (DCM)) Differential gene expression was performed using a linear model. (**b**) Immunohistochemistry co-staining cardiac Troponin (red) and FAP (green; left) and Vimentin (green; right) in adjacent sections from the left ventricle of a human patient with cardiomyopathy. FAP and Vimentin are seen on the same fibroblasts (arrowheads). Representative image of 2 independent experiments with similar results. HCM= Hypertrophic cardiomyopathy, DCM = Dilated cardiomyopathy. Scale bars = 100μm.](nihms-1537256-f0005){#F5}

![Fap is expression in mouse cardiac fibroblasts after injury.\
(**a**) Immunohistochemistry co-staining cardiac Troponin (red) and FAP (green; left) and Vimentin (green; right) in adjacent sections from the left ventricle of a mouse treated with AngII/PE for 2 weeks. Fap and Vimentin are seen on the same fibroblasts (arrowheads). Representative images from 2 independent experiments with similar results (n=7 biologically independent animals). (**b**) Immunohistochemistry for Fap (green) in various organs/tissues after 1 week of AngII/PE treatment. Representative image of 3 biologically independent animals with similar results. (**c**) Masson's trichrome stain for fibrosis (blue; top, center) and immunohistochemistry for Fap (green; bottom) in WT coronal heart sections 2 week after continuous AngII/PE treatment. Staining and immunohistochemistry performed in adjacent sections. Bottom insets: higher magnification of left ventricular free-wall. Representative image from 2 independent experiments with similar results (n=7 biologically independent animals). (**d**) Immunohistochemistry for Fap (green) in mouse models of cardiac injury. MI: myocardial infarction, TAC: transverse aortic constriction, DMD: Duchenne's muscular dystrophy (*mdx/mTR*^*KO*^ G2 mice). Scale bars = 100μm.](nihms-1537256-f0006){#F6}

![FAP CAR T cells infiltrate the heart and reduce cardiac fibrosis.\
(**a**) Immunohistochemistry for Fap (red) and GFP (green) on the left ventricular free wall of mouse heart coronal sections. WT C57Bl/6 mice were treated with (right) or without (left) AngII/PE for 1 week, injected with FAP-GFP CAR T cells and sacrificed 1 day later. FAP-GFP CAR T cells co-localize with FAP expressing cells (arrowheads, bottom). (**b**-**d**) Picro-Sirus Red staining of hearts from 21 individual mice (\#1--21) treated for 4 weeks with either saline (**b**), AngII/PE (**c)**, or AngII/PE + FAP CAR T cells (**d**) to assess for fibrosis (red). Representative images of 2 independent experiments with similar results. Scale bars = 100μm.](nihms-1537256-f0007){#F7}

![Echocardiography after injury and treatment.\
Results from echocardiogram examination of C57Bl/6 mice treated for 4 weeks with either saline, AngII/PE, or AngII/PE + FAP CAR T cells. (n = 12, 10, and 7 biologically independent animals, respectively) FS = Fractional shortening; HR = heart rate; BW = body weight; LVAEpid = Left ventricular epicardial area (diastole); LVAENDd = Left ventricular endocardial area (diastole); LVAENDs = Left ventricular endocardial area (systole); LVLd = Left ventricular endocardial length (diastole); LVLs = Left ventricular endocardial length (systole); EDV = End diastolic volume; ESV = End systolic volume; SV = Stroke volume; CO = Cardiac output; IVSd = Interventricular septal end diastole; IVSs = Interventricular septal end systole; LVIDd = Left ventricular internal diameter end diastole; LVIDs = Left ventricular internal diameter end systole; MV E = Early ventricular filling velocity; E/E' = ratio of mitral peak velocity of early filling (E) to early diastolic mitral annular velocity (E'). All graphs display mean ± SEM.](nihms-1537256-f0008){#F8}

![FAP CAR T treatment does not affect perivascular fibrosis or other organs.\
(**a**) Masson's trichrome stain (blue; left, center) and FAP immunohistochemistry (green; right) on adjacent heart coronal sections 1 week after commencement of continuous AngII/PE treatment. FAP expression in present in interstitial, but not perivascular fibroblast (white arrowheads). Centered on vessel from [Fig. 2c](#F2){ref-type="fig"}. Representative images of 2 independent experiments with similar results. (**b**) Picro-Sirius Red staining for perivascular fibrosis (black arrowheads, red) on heart coronal sections from mice treated for 4 weeks with either saline, AngII/PE, or AngII/PE + FAP CAR T cells. Representative images of 2 independent experiments with similar results. (**c**) H&E staining of various tissue sections from mice treated for 4 weeks with either saline, AngII/PE, or AngII/PE + FAP CAR T cells. Representative images of 3 independent experiments with similar results. Scale bars = 100μm.](nihms-1537256-f0009){#F9}

![Long term serum cytokine levels after FAP CAR T cell treatment.\
Serum cytokine levels in mice treated with either AngII/PE or AngII/PE + FAP CAR T cells over 12 weeks. FAP CAR T cells were injected at 1 and 2 weeks as indicated. Levels were assessed at 10 days, 2 weeks, 4 weeks, and 12 weeks. Basal levels were determined by the average cytokine levels of 3 untreated mice. Infg and il-4 were below the detection limit in all conditions. \**P* = 0.019, \#*P* = 0.035, †*P* = 0.045 (Two-tailed unpaired t-test, n=3 biologically independent animals per condition).](nihms-1537256-f0010){#F10}

![Cardiotoxicity, inflammation, and immune assessments after FAP CAR T cell transfer.\
(**a**) Volcano plot showing the differential expression of genes known to be modified in cardiotoxicity in the hearts of mice treated with either AngII/PE + FAP CAR T cells or a saline control at 4 weeks. Statistically significant changes are marked to indicate if genes are expected to increase (orange) or decrease (blue) in the setting of cardiotoxicity. (**b**) Differential expression of the same conditions in (**a**) at 8 weeks. (**a, b** -- Welch's two-sided test, n=3 biologically independent animals per condition) (**c**) Volcano plot showing the differential expression of 1659 immune- and inflammation-related genes from hearts of mice treated with AngII/PE +FAP CAR T cells or AngII/PE at 4 weeks. 22 genes were differentially expressed between the conditions. (n = 3 mice per condition) (**d**) Photomicrographs and quantification (mean ± SEM) of immune cell (arrowheads) residency of the left ventricle at 4 weeks with either AngII/PE or AngII/PE + FAP CAR T cell treatment. (Two-tailed unpaired t-test, n = 3, 4 biologically independent animals, respectively). Scale bars = 100μm.](nihms-1537256-f0011){#F11}

![Assessment of safety and toxicity following FAP CAR T cell transfer.\
(**a**) Kaplan-Meier survival curve of mice either treated with AngII/PE or AngII/PE + FAP CAR T cells out to 12 weeks. (**b**) Body weight measurements at 12 weeks. (Two-tailed unpaired t-test) (**c**) H&E of sections of heart and organs/tissue at 12 weeks from a mouse treated with AngII/PE + FAP CAR T cells. Representative images of 3 independent animals with similar results. Scale bars = 100μm. (**d**) Photomicrographs and H&E sections of a healing wound over 8 days in mice treated with either FAP CAR or control T cells immediately and 3 days after wounding. (**e**) Quantification of wound area and measurements of body weight (**f**). (**g**) Serum levels of amylase at day 8 to test pancreatic toxicity. Scale bars = 1mm (wounds) and 250μm (H&E sections). All graphs display mean ± SEM.](nihms-1537256-f0012){#F12}
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![Redirected T cell can ablate cardiac fibroblasts. (**a**) Schematic representation of cardiac injury and T cell mediated cardiac fibroblast ablation. Mice were continuously administered angiotensin II and phenylephrine via osmotic pump to induce cardiac injury and fibrosis, and injected with tamoxifen to trigger Cre-mediated OVA expression in the CFs. CD8^+^ OT-I T cells were adoptively transferred 1 week after pump implantation when fibrosis was already established, and mice were sacrificed 4 weeks post-implantation for analysis. (**b**) Picro-Sirius Red staining of heart coronal sections to evaluate the level of fibrosis (red). Higher magnification of left ventricular fibrosis (bottom). (**c**) Quantification of ventricular fibrosis (mean ± SEM). \**P* = 0.0492, \#*P* = 0.0157, (one-way ANOVA between groups *P* = 0.0001; post-hoc multiple comparisons, Tukey's test, n = 10, 7, 6, 8 biologically independent animals, respectively). Scale bars = 100μm.](nihms-1537256-f0001){#F1}

![Human cardiac fibroblast targets in disease. (**a**) Heat map of cardiac fibroblast gene expression changes (fold change) in patients with hypertrophic cardiomyopathy (HCM) and dilated cardiomyopathy (DCM) when compared with non-failing hearts (NF). (n = 122 (NF), 27 (HCM), 89 (DCM)) Differential gene expression was performed using a linear model. (**b**) Immunohistochemistry for FAP (green) and cardiac Troponin (cardiomyocytes, red) expression in left ventricular free-wall sections from 6 individual human samples of NF (\#1,2), HCM (\#3,4), and DCM (\#5,6). Representative images of 2 independent experiments with similar results. (**c**) Masson's trichrome stain for fibrosis (blue; left, center) and immunohistochemistry for Fap (green; right) in adjacent WT mouse coronal heart sections 1 week after continuous saline (top) or angiotensin II/phenylephrine (bottom) treatment. Representative images of 2 independent experiments with similar results (n=7 biologically independent animals) (inset; left ventricle). Scale bars = 100μm.](nihms-1537256-f0002){#F2}

![FAP CAR T cells can target cardiac fibrosis. (**a**) Schematic diagram of experiments for FAP CAR T-cell targeting of cardiac fibroblast. C57BL/6 mice were continuously administered angiotensin II and phenylephrine via osmotic pump to induce cardiac injury and fibrosis. FAP CAR T cells were adoptively transferred 1 and 2 weeks after pump implantation when fibrosis had already been established. Mice were evaluated and sacrificed at 4 weeks to asses for fibrosis. (**b**) Picro-Sirius Red staining of heart coronal sections in mice treated with saline (left), angiotensin II/phenylephrine (center), or angiotensin II/phenylephrine + FAP CAR T cells (right) to evaluate fibrosis (red). Magnification of left ventricular fibrosis (bottom). (**c**) Quantification of cardiac fibrosis. \*\*\*\**P* \< 0.0001 (one-way ANOVA between groups *P* \< 0.0001; post-hoc multiple comparisons, Tukey's test, n = 10, 9, 7 biologically independent animals, respectively). (**d**) Comparison of cardiac functional parameters and body weight between experimental and control groups. \*\**P* \< 0.01, \**P* \< 0.05, ns = not significant (one-way ANOVA between groups; post-hoc multiple comparisons on significant (*P* \< 0.05) ANOVA, Tukey's test, n = 10, 9, 7 biologically independent animals, respectively). Specific *P* values can be found in the source data. MV E: Mitral valve early (E) inflow velocity (**e**) M mode echocardiography of mice treated with saline (top), angiotensin II/phenylephrine (center), or angiotensin II/phenylephrine + FAP CAR T cells (bottom), (arrows; systole, diastole). Representative images of 2 independent experiments with similar results. All graphs display mean ± SEM. Scale bars = 100μm.](nihms-1537256-f0003){#F3}
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